A review of the recent progress in mechanistic understanding and measurement of the micro-scale particle rolling resistance under the influence of adhesion and external excitations is presented. Two non-contact and one contact experimental approaches to measure the work of adhesion based on the rolling moment resistance of a particle are described. In the non-contact configurations, the microsphere is subjected to an external transient force field either by exciting the base of the surface to which the particle is adhered by a contact piezoelectric transducer or by exciting the particle and the substrate together by an air-coupled acoustic transducer. The vibration of the microsphere due to the excitation force field is measured by an interferometer in a non-contact manner. The natural frequency of the rocking motion of the microsphere is deduced from the measured transient waveforms. In the contact experiments, an atomic force microscope (AFM) tip is used to accurately push the particle with a controlled force in a chamber of a scanning electron microscope (SEM) to measure the rolling resistance of the particle prior to its rolling and sliding. The applied force is directly recorded and the displacement of the microsphere is determined by analyzing the SEM images of the rolling particle. The force-displacement curves are used for characterizing the work of adhesion of the microsphere-substrate bond. Experimental results using these three configurations are compared with the available data in the literature and good agreement between the theoretical predictions and the experimental values is reported.  Koninklijke Brill NV, Leiden, 2008 
Introduction
Adhesion measurement and a comprehensive understanding of the interactions between a microsphere and a substrate when subjected to a tangential force field are essential in various applications such as particle cleaning and powder handling as well as biological cell adhesion. Many models have been developed to understand the adhesion between a particle and a substrate when a normal force is applied on the particle based on the properties of the particle and the substrate material. In [1] , a unifying framework for these normal displacement theories such as Hertz, JKR (Johnson-Kendall-Roberts), DMT (Derjaguin-Muller-Toporov), M-D (MaugisDugdale) and Bradley has been proposed and their transition for ranges of external loads and an elasticity parameter is established. According to the JKR theory, a particle in contact with a flat substrate induces short range forces (adhesion and elastic forces) between the substrate and the particle, this leads to deformation of both the particle and the substrate at the point of contact. The JKR model could be used to describe the adhesion characteristics of large and soft particles while the DMT theory is applicable for small and harder particles. The pressure distribution in the contact area of the particle and substrate due to adhesion is symmetric. But when an external force is applied on the particle in the lateral (tangential) direction, it is reported that a moment at the contact point is induced and results in asymmetric pressure distribution in the contact area. This asymmetric pressure distribution results in change of the contact area [2] and, consequently, the particle could undergo free rotational oscillations with respect to the contact area.
In [3, 4] , the coefficient of friction for a viscous sphere rolling on a hard plane is obtained on the basis of a continuum mechanics analysis. Also in [4] , rolling of a sphere is considered as a continuous collision and the expression for rolling friction is developed based on the linearization of the coefficient of restitution. The rolling resistance force and the friction coefficient were formulated based on the normal reaction force and the shift in the point of application of the pressure differential due to rolling [5] . However, the theories proposed in [3] [4] [5] consider no effect of adhesion between the particle and the substrate. Also, these theories can only be used to study the rolling after the motion is initiated. A simple expression for the critical rolling moment required to detach a particle adhered to a substrate based on the JKR theory was reported in [6] . For this expression, a simple moment balance with the JKR pull-off force was utilized, however the asymmetric distribution of contact pressure was not considered.
The adhesion measurement methods currently in use include centrifuge technique, aerodynamic method, hydrodynamic technique, impact-spectrum method, ultrasonic vibration method and advanced force microscopy techniques. In the centrifuge technique, the centrifugal force required for detaching the particle from the substrate while the substrate is in rotation is measured. In the aerodynamic and hydrodynamic techniques, the fluid flow generated force is used to detach the particle from the substrate and the threshold force is used to determine the force of adhesion; whereas in the impact-spectrum technique, the particles are detached from the substrate by the impact exerted at the opposite side of the substrate and the force is measured. In the ultrasonic vibration method, the frequency and hence the force required to detach the particle from the substrate using an ultrasonic probe is measured as described in [7] . The other common advanced force microscopy techniques 22 (2008) are atomic force microscopy (AFM) [8] [9] [10] [11] , Lateral/Friction Force Microscopy (FFM) [12, 13] , Scanning Tunneling Microscopy (STM) [14, 15] and Ultra-High Vacuum Atomic Force Microscopy (UHV-AFM) [16, 17] . These techniques employ a cantilever tip which is brought near a particle/surface system whose properties have to be measured. The deflection of the cantilever due to the adhesion force is measured. All of the above mentioned force microscopy methods require some kind of contact between the cantilever and the particle or surface unlike the STM, which is a non-contact method. In the STM, the electric current between the tip and the particle or surface is measured, which is proportional to the adhesion force, as reported in [7] . It is reported that the main disadvantage of the AFM technique is that the particle has to be glued to the tip of a probe; therefore it is essentially a destructive technique [18] . However, the rolling motion and resistance of a particle on a substrate has rarely been experimentally explored.
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In recent years, attempts have been made to understand the rolling friction with the aid of AFM tip manipulators. Adhesion and frictional forces between spherical micrometer-sized particles on the basis of rolling resistance moment were studied in [19] by means of AFM measurements. The adhesion force and the rolling friction between the microspheres in a chain were studied by gluing one end of the chain to the AFM tip to investigate the stability of the chain. In [19] , it was also suggested that the critical displacement the particle may roll over another sphere before the irreversible rearrangement in the contact zone due to external force could be in the order of ten interatomic distances than one, which was suggested in [2] . Particle adhesion and force studies were also performed with the aid of computer-controlled micromanipulators [20, 21] . For example, Saito et al. [20] analyzed the interaction forces between the microsphere, the substrate and the manipulation probe, and proposed a method to pick up and manipulate a microsphere. A kinematic model of a micro-scale object was constructed and analyzed which revealed that slipping was easier than rolling in the micro-size particles. They also suggested the existence of a maximum rolling resistance, i.e. an external moment has to be greater than a certain threshold for a particle to roll. The pushing behavior of 500 nm Aucoated latex particles on a silicon substrate with an AFM probe was studied [21] . The sliding, rolling and rotation motions of the particles were observed, and the particle-substrate frictional properties were estimated. No rolling resistance data were provided while its effect in the control loop of the experimental set-up was studied and reported.
In the studies reported in this review article, the adhesion measurements and the rocking motion criterion based on the rolling resistance moment exhibited by a microsphere adhered to a substrate ( Fig. 1) are summarized based on threeexperimental configurations (Fig. 2) , which are based on (a) base excitation of the particle-substrate system [22, 23] , (b) air-coupled excitation of the particlesubstrate system [24] and (c) contact experiments using an AFM cantilever beam [25] . The first two configurations are based on acoustic excitation and in- terferometric sensing while the third configuration provides force-displacement curves based on the force experienced by the AFM cantilever beam during pushing and image processing of the SEM images of the particles obtained in the experimental sequence. As described in [22, 23] , the rocking frequency of the particle and hence the work of adhesion of the particle-substrate system excited acoustically was determined using the first two configurations in a non-contact manner. In [25] , the force-displacement curves were obtained by pushing the microsphere with a controlled force and the rolling resistance moment and the work of adhesion of the particle-substrate system were extracted from the slopes of these curves.
Adhesion Theory and Particle Dynamics
It is necessary to understand the particle dynamics when the particle-substrate system, which is in equilibrium, is subjected to an external force. At static equilibrium, the JKR force of adhesion is proportional to the radius of the particle r, and is given by F A = 3 2 πW A r, where W A is the work of adhesion (Dupré's energy) between the spherical particle and substrate material. Since the particle mass is proportional to r 3 , adhesion forces dominate inertial effects in small length scales (i.e. in micro/nano-length scales) and slow time scales (i.e. at relatively low frequencies compared to the resonance frequencies of the bonds). One consequence of this scaling effect is the possibility of the generation of low-amplitude, high frequency particle vibrations without the detachment and/or dislodgement of the particle. As reported in [22, 23] , since the adhesion properties can be related to the natural resonance frequencies of the particle on the surface, the vibrational motion of the particle can be used to determine the particle-surface adhesion properties and to understand the interaction dynamics. The particle vibrational response due to the excitation of the adhesion bond could consist of either a high frequency axial displacement in out-of-plane direction or a relatively low frequency angular displacement with respect to the center of the contact area due to the rolling resistance moment. In case an external force is exerted in the tangential direction, the particle would tend to resist the applied force before the initiation of rolling due to the rolling resistance of the adhesion bond [22, 23] . The latter is termed as rocking motion in the current review, as the particle would have a tendency to roll but it would not detach as the force applied is low. These two-possible types of motion are described below. 
Out-of-Plane Motion of the Microsphere
The JKR theory [26] is a one-dimensional (axial) adhesion model which describes the stress distribution when the particle is in adhesion with the substrate. According to this adhesion model, the external force-axial displacement relation for a particle attached to a flat substrate consists of two components:
where δ is the axial displacement of the center of the particle with respect to the surface of the substrate due to the applied external force (F ) and β = r/K, K is the stiffness coefficient of the adhesion bond between the particle and substrate given by
where E 1 , E 2 are the Young's moduli and ν 1 , ν 2 are the Poisson's ratios of the substrate and particle, respectively, and α = 3πW A r. Then, following [22, 23] , by linearizing equation (1) around the stable equilibrium point, the natural frequency of the adhesion bond in the axial direction (normal to the flat substrate) is obtained as
where m is the mass of the particle and ρ is the mass density of the particle material. The axial frequency (f n ) for a 21.4-µm Polystyrene Latex (PSL) particle on silicon substrate is calculated (from equation (3)) as f n = 1.83 MHz and the stiffness coefficient as K * = 707.4 N/m based on the Hamaker constants from [27] .
Rolling Motion of the Microsphere
In addition to the axial motion, it is reported that the particle can have another mode of vibration on a flat surface which is a rotational motion [22, 23] . The particle in this mode would oscillate with respect to the center of the contact. As the force applied is low, the particle would not detach from the substrate and it would oscillate and this oscillatory motion of the particle is termed as rocking motion. To model rotational motion of a particle, a two-dimensional adhesion theory (due to the two degrees of freedom) is needed as the pressure distribution in the contact area no longer remains symmetric. The non-uniform stress distribution in the contact area during this rotational motion creates a restoring moment (also referred to as resistance moment) to rolling motion ( Fig. 2(b) ). This restoring effect is propor-
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tional to the angle of rotation and leads to angular free-vibrations of the particle. When no external moment is exerted on a spherical particle, the pressure distribution for a spherical particle on a flat substrate according to the JKR adhesion model has to be cylindrically symmetric and hence the moment of resistance in case of symmetric pressure distribution is given by M y = xp(x, y) dx dy = 0, where p(x, y) is the pressure distribution in the contact area [2] . However, when an external force or horizontal displacement field is applied to the substrate, the moment associated with rocking motion of the particle results in shifting of contact radius a, i.e. the contact area is no longer centered around the point which is vertically below the center of the sphere and the pressure distribution is no longer symmetric. According to [2] , the pressure distribution and the moment associated with the rocking motion can be calculated from the following assumptions:
1. The true shifted contact area is approximated by decomposing the contact area into two circles of different radii a + ξ and a − ξ , where ξ is the shift in the contact area due to rocking motion.
2. The half circle x < 0 is one half of a symmetrical contact with contact radius a + ξ and pressure distribution p(r, a + ξ, δ z ).
3. The half circle x > 0 has a smaller contact radius a − ξ and a corresponding pressure distribution p(r, a − ξ, δ z ).
The total moment due to both the half circles is calculated. Since different contact radii correspond to different values of δ z , the JKR equation cannot be used for calculation of moments of one half of the contact area for different sizes of contact area. The resulting distribution is discontinuous at x = 0. According to [28, 29] , the superposition of the Hertz (p H ) and Boussinesq (p B ) solutions describes the pressure distribution in the actual contact zone, which is affected by the attractive forces, and is given by:
The pressure corresponds to the normal displacement of the sphere, which is given by
The asymmetric pressure distribution is obtained by the combination of the symmetric pressure distributions of the contact radii a + ξ and a − ξ :
The moment associated with this pressure distribution is the integral over the con- 
with x = r cos ϕ and integration with respect to ϕ results in
Evaluating the integrals, keeping δ z constant and neglecting higher order terms of ξ/a, an approximation for M y is obtained [2] as
By substituting Johnson's [30] solution for δ z corresponding to the contact radius a, the resulting moment is determined as
Thus, the moment associated with shift in contact area is proportional to the pulloff force P c and the shift of the center of contact area. For a spherical particle in contact with a flat surface, P c = 3 2 πW A r, where W A is the work of adhesion, and if the normal forces stay within the range of −P c < P < P c , the factorâ 3/2 varies in the range 0.5-1.2 and assumingâ = 1, the rolling resistance moment for a particle on a flat substrate is approximated by
Using the equation of rotational motion of a spherical particle in free-rotational oscillation on a flat surface Iθ + 6πW A ξr = 0, where ξ ∼ = rθ is the shift in contact area due to the asymmetric pressure, θ is the angular displacement of the particle and I is the moment of inertia of the solid sphere. The natural frequency of this oscillator for the rocking motion is determined as
where ρ is the mass density of the particle material. It is evident that the rocking natural frequency is dependent on the radius of the particle, the work of the adhesion of the particle-substrate system and the density of the particle. According to this formulation, the elastic properties of the particle and substrate materials appear to play no role in rocking motion (or play a secondary role). It is noteworthy that the natural frequency of the axial motion (equation (3)) is a function of the elastic properties of the particle-substrate system. The rocking frequency for a 21.4-µm PSL particle on the silicon substrate with work of adhesion, W A = 23.5 mJ/m 2 and mass density, ρ = 1040 kg/m 3 , is calculated as f n = 72.5 kHz.

Experimental Configurations for Determining Work of Adhesion
In the reported work of adhesion measurements based on rolling resistance moment of a microparticle on a flat substrate, three set of experiments were designed and conducted in the literature [22] [23] [24] [25] . In all these experiments, dry 21.4-µm spherical polystyrene latex (PSL) microspheres (Duke Scientific Inc.) were deposited on a silicon wafer (Fig. 1) . Two of the experimental configurations are non-contact experiments, based on acoustic excitation and interferometric optical sensing. For the two acoustic experimental configurations, the microsphere-substrate system is subjected to transient field due to excitation of the transducer either directly using an air-coupled transducer or indirectly through the excitation of the substrate (base excitation). The transient response of the particle and the substrate is measured using the interferometer and the natural frequency of the particle is extracted by signal processing of the particle's response. The third configuration [25] is a contact technique where the microparticle (monitored under an SEM) is subjected to a controlled lateral force and the displacement of the particle under this force is extracted from the subsequent analysis of the images captured by the SEM. Ultimately, the obtained natural frequencies and the force-displacement curves are analyzed based on the rolling resistance moment criterion (Section 2.2) for determining the adhesion properties/dynamics of the microsphere-substrate bond. The descriptions of the three configurations (a) base excitation of the particle-substrate system, (b) air-coupled excitation of the particle-substrate system and (c) contact AFM experiments are provided in Fig. 2 .
Non-contact Acoustic Excitation of the Particle-Substrate Bond
The acoustic excitation setup is a non-contact configuration which is used to measure the vibrations of the particle and the substrate to characterize the adhesion bond, as reported in [22] [23] [24] . The base excitation and air-coupled excitation configurations are based on interferometric sensing except that the transducers, which are used as a source of excitation, are either contact or air-coupled. The estimates for the axial and rocking natural frequencies for 21.4 µm PSL-Silicon system are detailed in Section 2.2. From these estimates, the axial frequency of the particlesubstrate bond is found to be in MHz range (1.83 MHz for PSL-Silicon system) while the expected rocking frequency is in kHz range (72.5 kHz for PSL-Silicon with W A = 23.5 mJ/m 2 and mass density, ρ = 1040 kg/m 3 ) but there is a good frequency band separation and thus the components of the motion of particles subjected to base excitation can be identified easily. The piezoelectric transducers in both configurations were selected based on these estimates in order to excite the microspheres in a selected frequency range. The typical instrumentation diagram for the base excitation and the air-coupled excitation is depicted in Fig. 3(a) , as described in [22, 23] . In both non-contact configurations ( Fig. 2(a) and 2(b) ), the silicon wafer coupon with the microspheres is mounted either directly (air-coupled excitation) or indirectly (mounted on a trans- 22 (2008) ducer that excites the base) on a xy-translation stage of an optical microscope for accurate positioning of the laser beam of the vibrometer (interferometer) on top of the microsphere to be characterized. The Laser Doppler Vibrometer (LDV) (Polytec PI Inc., Auburn, MA) is integrated with a microscope and it consists of a Vibrometer controller unit (Polytec, OFV 3001) (Polytec PI Inc., Auburn, MA), a fiber interferometer unit (Polytec, OFV 511) (Polytec PI Inc., Auburn, MA) and an ultrasonic displacement decoder (Polytec, OVD 030) (Polytec PI Inc., Auburn, MA). The laser beam of the fiber interferometer unit is transmitted through the microscope objective. The size of laser spot of the fiber interferometer unit can be reduced to 0.5 µm using a 100× objective of the optical microscope. A CCD (charge-coupled device) camera is attached to the optical microscope to monitor the experiments. The transducers (air-coupled and contact transducers) were excited by a square pulse from pulser/receiver (Panametrics, Model 5077PR). The microspheres on the Si wafer coupon exhibit complex motion due to the combination of vibrational modes (axial and radial) of the irregular Si wafer coupon when subjected to excitation. The axial response of the particle to this complex vibration field was measured using the LDV. The LDV measures the axial motion of the particle by comparing the frequency and phase difference of the emitted and the reflected laser beams. The decoders of the LDV generate a waveform corresponding to the out-of-plane motion (δ) at the top of the particle in time domain. The trigger line to the digitizing oscilloscope (Tektronix, TDS 3052) was provided from the pulser/receiver for synchronized data acquisition. The sequential procedure for measuring the displacements of the rocking microsphere in the two configurations is discussed below.
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Base Excitation Setup for Extraction of Natural Frequency of Adhesion Bond
In this setup described in [22, 23] , as its title implies, the substrate (wafer coupon) with the particles is excited with the aid of a contact transducer. Dry 21.4-µm PSL particles were deposited on a small piece of silicon wafer coupon and sufficient time was allowed for the particles to relax and adhere to the wafer. A coupling gel was applied between the wafer coupon and the transducer for good acoustic transmission. Then the wafer coupon with the PSL microspheres was placed on a 3.5 MHz contact transducer (Panametrics, V682). The transducer was excited by a square pulse from pulser/receiver. From our previous work it was noticed that the central frequency of the transducer was around 3.1 MHz and a relatively strong, low frequency component of surface vibration in the range of 50-200 kHz was also available [22, 23] . These low frequency and high frequency components are useful for exciting both rocking and axial modes of vibrations of the PSL particles used in the experiments. It is reported that when the transducer excited the substrate, it was observed that some of the microspheres on the wafer coupon tended to agglomerate and formed clusters [31] , while some others tended to oscillate as single microspheres. These single oscillating microspheres on the wafer coupon were located for rocking frequency measurements. The laser spot of the fiber inter-ferometer unit was focused on a particle using 100× magnification of the optical microscope as shown in Fig. 3(b) . The transient axial motion of the particle was recorded from the oscilloscope for signal processing. The xy-translation stage was adjusted to focus the laser spot on the wafer and the surface response was recorded. This procedure was repeated for different microspheres on the substrate and the corresponding waveforms were digitized and saved.
Air-Coupled Excitation Setup for Extraction of Natural Frequency of Particle-Substrate Bond
In this setup, as reported in [24] , the substrate (wafer coupon) with the particles is excited with the aid of an air-coupled transducer. The transducer excites the air column and, in turn, excites the motion of the particle-substrate system. In this configuration ( Fig. 2(b) ), PSL microspheres were dry-deposited on a coupon of silicon and sufficient time was allowed for the particles to relax and adhere to the wafer coupon, which was bonded to a rigid aluminum stub. The particle-substrate system was excited by an air-coupled transducer (Airmar Technology Corp., Milford, NH) with a central frequency of 75 kHz and a bandwidth of 65-88 kHz, mounted at an angle as depicted in Fig. 4 [24] . The transducer was excited by a square pulse from a pulser/receiver (Panametrics, Model 5077PR) at 100 kHz with a pulse amplitude 
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of 400 V and a pulse repetitive frequency of 100 Hz. The laser spot was directed onto the top of the particle (Fig. 3(b) ) surface and the axial response of the particle to this vibration field was measured using the LDV. It was observed that some of the particles on the wafer tended to agglomerate and formed clusters, while some others tended to oscillate as single particles (similar to the base excitation case). These oscillating particles on the wafer were located for rocking frequency measurements. The xy-translation stage was adjusted to focus the laser spot on the surface of the wafer (near the particle) and the transient surface response was recorded to characterize the base excitation. This procedure was repeated for several particles on the substrate.
Contact Rolling Experiments Using AFM
In this setup [25] , the microsphere adhered to a substrate is manipulated using an AFM cantilever beam. Dry PSL microspheres were deposited on a single-crystal silicon substrate (Polishing Corporation of America, Santa Clara, CA). In the contact rolling experiments, an in-plane contact force (F ) on a PSL spherical particle on the silicon substrate was applied using a 350 µm long AFM cantilever beam (MikroMasch, Inc., Wilsonville, OR), as shown in Fig. 5 [25] . Prior to the onset of rolling motion, the particle-substrate bond deforms and particle rotates with respect to the center of the bond (A) (Fig. 2(c) ). The contact experiments were conducted in the vacuum chamber of an SEM (JEOL 7400) with the aid of a nanometer precision manipulator. The nanomanipulator is composed of two opposing positioning stages consisting of an integrated x-y linear motion stage and a z-linear motion Figure 5 . SEM image of the push trial experiment on PSL microspheres using AFM cantilever. Journal of Adhesion Science and Technology 22 (2008) stage (OptoSigma, Inc., Santa Ana, CA) on the opposing plane. The stages are driven by piezoelectric actuators (New Focus Inc., San Jose, CA) that provide linear motion with a motion resolution of approximately 30 nm. A piezoelectric bender (Noliac A/S, Denmark) that provides fine positioning at sub-nanometer resolution is mounted on the top of the x-y stage. For the pushing trials, the base chip of the AFM cantilever was attached to the free end of the piezoelectric bender, and the silicon substrate with the PSL particles deposited was mounted on the opposing z-stage. The nanomanipulator allows a precise positioning and motion of the tip of the cantilever beam with respect to the PSL particle on the silicon substrate as the cantilever beam and the particle are viewed by the SEM.
In the reported experiments, the AFM cantilever was initially advanced to the close proximity of a selected PSL microsphere on the substrate through a series of translational motions of the stages of the nanomanipulator (Fig. 5) . Then the cantilever was brought into contact with the microsphere at point C (Fig. 2(c) ) by applying a dc voltage incrementally to the piezoelectric bender to actuate the cantilever. When a force is externally exerted on the microsphere incrementally in order to move it from point C to C , then due to the particle-substrate adhesion bond, the motion of the cantilever is constrained and the associated rolling resistance at the particle-substrate interface results in the lateral deflection of the cantilever beam. The increment of the pushing force corresponding to each actuation step was in the range of 3-5 nN. This incremental force level is sufficiently low so as not to slide the particle without first experiencing bond deformation (with no rolling) due to the expected range of the coefficient of friction between the particle and substrate. Based on the relative cantilever deflection and using the linear bending stiffness of the cantilever beam, the applied force (F ) can be determined. Since direct measurement of the cantilever deflection from the recorded SEM image is non-trivial due to the lack of a reference point, a method based on the calibration of the piezoelectric bender response was employed to extract the cantilever deflection from the SEM images [32] . The stiffness constant of the AFM cantilever beam needed for determining the force F was measured in situ in the SEM vacuum chamber prior to the contact experiment with a resonance method developed by Sader et al. [33] . It is reported that the stiffness coefficient of the specific cantilever beam used in these experiments was determined as 0.034 ± 0.03 N/m. During the push tests, SEM images were acquired and the displacement of the microsphere in the x-direction ( x) subjected to force was obtained from the processing of recorded images by tracking the pixel positions of the contact point between the particle and AFM cantilever surface.
Experimental Results and Discussion
The experimental results reported for these three configurations were analyzed. The natural resonance frequency of the PSL particle-silicon substrate system adhesion bond is extracted using the experimentally obtained particle and substrate vibrational responses due to an external excitation field, and the force-displacement curves obtained during the contact push studies on microspheres are analyzed for the rolling resistance moment and to estimate the various parameters used in the two-dimensional adhesion theory.
Base Excitation for Extraction of Natural Frequency
The responses of the particle and the substrate to the base excitation are shown in Fig. 6(a) . The numerical value of the axial motion amplitude for the PSL particle on silicon substrate is approximately 0.9 nm based on the estimates reported in [23] , which indicates that the axial motion amplitude is two orders of magnitude lower than that reported in Fig. 6(a) . Thus, it is established that the amplitude obtained is predominantly due to the rocking motion of the particle. From the transient response of particle-substrate pair under base excitation, it is evident that the wafer response due to the base motion diminishes faster than that of the particle. A time-frequency analysis ( Fig. 6(b) ) was reported for distinguishing frequency components of the (a) (b) Figure 6 . (a) Transient responses of the PSL microsphere (dotted line) and the substrate (solid line) subjected to base excitation and (b) the frequency spectrum of the particle response. measured particle vibrations in Fig. 6(a) . From this spectrum, it is clear that the frequency components above 150 kHz are highly damped while the frequency components in the range of 50-150 kHz are damped much lightly. These lightly damped frequencies are comparable to the calculated rocking frequencies (from estimations using the reported mechanical and work of adhesion properties). In addition, it has been noticed that the range of rocking frequencies changes from particle to particle on the same type of substrate; this indicates that there could be substantial variation in the work of adhesion from particle to particle and their locations on the wafer. Vibration of particle with multiple frequencies indicates that the work of adhesion is direction-dependent. The range of experimental work of adhesion for the particle-substrate system is calculated from the observed rocking motion frequency band using equation (12) . For instance, the work of adhesion range for PSL particle on silicon substrate is determined as W A = 23.1-101.5 mJ/m 2 (for the experimentally measured frequency, f * R = 72-150 kHz) from experimental waveform. The obtained experimental work of adhesion of the particle-substrate system is comparable with the reported work of adhesion values in [27] .
Air-Coupled Excitation for Extraction of Natural Frequency
The transient displacement waveforms of the PSL particle and the substrate (near the particle) are depicted in Fig. 7 . The temporal response of the PSL particle on the silicon coupon was transformed into spectral domain using the Fast Fourier Transform (FFT) algorithm to determine the natural frequency of the rocking motion, as 
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Figure 8. Frequency responses of the PSL particle (dotted line) and the silicon substrate (solid line) subjected to air-coupled acoustic excitation. The vertical dashed line represents the experimental rocking frequency of the PSL particle on silicon substrate. The inset shows the frequency shifts in the responses of the substrate and the particle (78-81 kHz). depicted in Fig. 8 . The amplitude of the axial vibration of the particle in response to the excitation is considerably higher than that of the substrate response to the same excitation (Fig. 7) as the stiffnesses of the particle-substrate adhesion bond and the substrate are substantially different. Note that the amplitude of the particle response in the air-coupled excitation is much lower than in the base excitation, as the effective force available at the microsphere in air-coupled excitation is lower than in the base excitation and the rocking frequency is dominant as the transducer utilized does not excite the axial mode of the adhesion bond. A peak in the frequency spectrum of the particle at f * R = 76.5 kHz is observed which is not present in the substrate spectrum (Fig. 8) . For a better comparison, in Fig. 8 the amplitude of the substrate response in the frequency domain is multiplied by a factor of 4.33 in order to match with one of the frequency peak of the particle. The work of adhesion corresponding to this rocking frequency is calculated to be W A = 26.16 mJ/m 2 . From the experimental trials with different particles at different locations on the wafer coupon, it was observed that some of the particles had the same frequency components as the substrate (indicating stronger than typical adhesion bonds) while some exhibited the rocking motion. From the frequency spectra of the particle and the substrate, it was also observed that some of the peak frequencies of the motion of the particles shift from those of the base motion as depicted in the inset of Fig. 8 for a range of frequencies. These frequencies do not correspond to the rocking natural frequency of the particle-substrate adhesion bond and, thus, such shifts could be attributed to the viscoelastic damping due to capillary effects and the local meniscus formation in the adhesion bond area of the particle-substrate system. The measured work of adhesion for the PSL-Silicon system is close to the theoretically calculated value based on the adhesion and mechanical properties of the materials. The mass density, Young's modulus and Poisson's ratio of the PSL particles are taken as ρ 1 = 1040 kg/m 3 , E 1 = 2.77 GPa, ν 1 = 0.33, and those of the silicon substrate as ρ 2 = 2329 kg/m 3 , E 2 = 127 GPa, ν 2 = 0.28, respectively. The work of adhesion value was calculated as W A = 23.5 mJ/m 2 from the Hamaker constants of the particle and the substrate materials.
Contact Experiments to Characterize the Particle-Substrate Bond
The push tests discussed above were performed on eight PSL particles and sequential SEM images for all the particles were obtained. The incremental force exerted on the microsphere throughout the push test was determined. The sequential images were processed for displacement of the particle due to the applied incremental force. Fig. 9 depicts the force (F )-displacement ( x) curves at equilibrium for the eight PSL microspheres deposited on silicon substrate. At the onset of the experiment, it is evident from the F -x curves that the displacement of the particle increases with the increase in applied force until a critical point, beyond which the displacement of the particle increases with rapid decrease of external (equilibrium) force applied on the microsphere. This rapid decrease of the applied force from the critical point could be attributed to sliding of the microsphere which is a result of breakage/weakening of adhesion bond at the microsphere-substrate interface. Fig. 9(b) is the zoom version of Fig. 9 (a) with the particle displacement range from 0-150 nm. It is clear from Fig. 9(b) that the force resolution of the current experiments is in the range of 3-5 nN. The applied force on the microsphere 7 is gradually removed once the force has reached 29 nN and thus no sliding of the particle is observed. The force-displacement curves obtained are used for extraction of the work of adhesion of the microsphere-substrate bond based on the rolling resistance moment given by W A = k/6π, where k is the slope determined from the force-displacement curve, [25] , assuming that there is no sliding until the critical point, the rotation angle (θ) is small and the displacements at the point of contact of the cantilever beam, C (Fig. 2(c) ), and the center of particle are the same. It is to be noted that the expression for the work of adhesion has no dependency on the particle size D; therefore, the knowledge of the size of the particle is not required in this method. Table 1 lists the slope values of pre-rolling part and the rolling part of the force-displacement curves from the pushing trials on eight different particles. Further, the eight trials can be classified into two categories, as the slopes roughly remain constant throughout the experimental process for particles 1, 3, 4 and 8 (group 1), and the values of the slopes are in the range of 0.09-0.17 N/m. The slopes decrease after the first few loading steps for particles 2, 5, 6 and 7 (group 2). The corresponding initial slope values (Fig. 9(b) ) are 0.23-0.46 N/m, larger than the slopes of the other four particles, indicating stiffer bonds and the slope drops to 0.06-0.19 N/m (which is close to group 1) after a few loading steps. The estimated force-displacement slope is 0.443 N/m using the reported work of adhesion value, 23.5 × 10 −3 J/m 2 [22, 23] . The initial slope values of group 2 (particles 2, 5, 6 and 7) in the first few loading steps could be attributed to the rolling resistance moment (pre-rolling) and the sudden change in slope as the loading step progressed is attributed to the breaking or weakening of the microsphere-substrate adhesion bond. The trend of the force-displacement curves for group 1 suggests that the rolling resistance moments are lower when compared to those of group 2, i.e. these microspheres tend to start rolling instantly when the external force is applied rather than resist the applied force. The work of adhesion values obtained experimentally from the force-displacement curves for microspheres in group 2, vary from 12 × 10 −3 J/m 2 to 24 × 10 −3 J/m 2 , reasonably close to the reported value of W A = 23.5 × 10 −3 J/m 2 for a PSL particle on a silicon surface [22] . The maximum displacements for group 2 before rolling are in the range of 70-100 nm, and the corresponding critical angles of rolling range from θ * = 6.8 × 10 −3 rad to θ * = 7.8 × 10 −3 rad and the diameter of the particles obtained from SEM images are reported in Table 1 .
Conclusions and Remarks
A review of the recent progress in the rolling resistance moment exhibited by a single microsphere adhered to a flat substrate is presented. Three different experimental configurations (non-contact and contact) were investigated to determine the work of adhesion between the microsphere and substrate based on the rolling resistance moment. In the non-contact configuration, the adhesion bond of a single microsphere is excited by either the base excitation technique or using the air-coupled transducer mounted at an angle. The responses of both the particle and the substrate Journal of Adhesion Science and Technology 22 (2008) are measured using a laser interferometer. The time domain response is transformed into frequency domain and the rocking natural frequencies are extracted, which are, in turn, used to determine the work of adhesion of the particle-substrate system. In the contact experiments, an AFM cantilever is used to push the microsphere in a controlled manner. The displacement of the microsphere is estimated based on the sequential SEM images, captured during the push trials. Based on the force applied and the displacement of the microsphere, a force-displacement curve is plotted. The slope of this curve is used to determine the work of adhesion of the particle-substrate system. The work of adhesion values obtained from the three configurations are in good agreement with the value in the literature, determined from the Hamaker constants of the particle and the substrate materials. In these methods, the work of adhesion of the individual microspheres adhered to a substrate is obtained unlike the conventional techniques, where the force required for attaching or detaching a fairly large number of particles to a substrate is statistically determined.
